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Abstract 
Remote Laser Welding (RLW) provides new possibilities for the highly productive and flexible joining of metal structures, especially in the 
automotive industry. In this study, the main advantages and limitations of the RLW technology are discussed against the major rival 
technology, namely the Resistance Spot Welding (RSW). Additionally, an evaluation strategy is developed and implemented in a DELMIA 
based decision support tool. The methodology developed, is tested and evaluated through a real industrial case study, which is the welding of a 
car door, from the automotive assembly sector. Finally, a first performance evaluation is presented. 
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1. Introduction 
Future manufacturing will be characterized by increased 
automation, high flexibility, and modularity, focusing on 
seamless interoperability and environmental friendliness. The 
industry constantly tries to meet the diversiﬁed and 
increasingly personalized market demand, by simultaneously 
balancing costs, time and quality constraints; more 
customized products and variants need to be produced, with 
less resources and materials, and in shorter cycles [1]. Besides 
being faced with complex and diverse economic trends of 
shorter product lifecycles, rapidly changing science and 
technology, increased diversity in customer demand and the 
globalization of production activities, the manufacturing 
enterprises are also faced with enormous environmental 
challenges. The global economy, dominated by the 
industrialized world, already consumes more natural 
resources than they are ecologically bearable [2]. The 
equalization of  global living standards at the level of 
industrialized regions, is not possible under the current 
growth patterns [3]. To respond to this threat, sustainability, 
in general, has become a global concern, especially towards 
the industrial sector. State regulations, together with the 
increasing price of energy exert new pressure on 
manufacturing enterprises [4]. Thus, the industrial sector has 
to reduce energy consumption for cost and environmental 
reasons. They try to find new flexible ways to produce “more 
with less” [1] and move from the strategy “maximum gain 
from minimum capital” to “maximum gain from minimum 
resources” [5]. 
The great size and complexity of assembly lines, such as 
the ones used by the automotive industry, call for efficient 
and flexible assembly methods, especially when it comes to 
joining methods [6]. Laser welding (LW) is a non-
convectional joining method, with significant potential in 
industrial applications that have not been fully exploited yet 
[6, 7]. LW methods compared with those of convectional 
welding, present higher productivity, flexibility, effectiveness 
and numerous more advantages, such as deeper penetration, 
lower distortions and higher welding speeds [7, 8]. However, 
as a mass-production application, it is characterized by a low 
duty-ratio, due to the relatively low processing speeds at 
which the LW systems perform [7]. This kind of a drawback 
becomes even more important to applications, where a high 
number of welds have to be realized in complex 3D 
geometries (e.g., door, floor tunnel) [9]. To cope with that, 
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Remote Laser Welding (RLW) systems have been recently 
introduced. Since the RLW systems contribute to higher 
productivity, they receive a lot of attention in the automotive 
industry. However, the introduction of this innovative 
equipment is a significant decision especially due to its high 
investment cost [9].  
Οne of the main rival welding technologies, is the 
Resistance Spot Welding (RSW) [6]. This technology has a 
wide use in the automotive body shop. Until today, all the 
post-formed, individual auto-body panels, are resistance spot 
welding processed to a sub-assembly. A typical sub-assembly 
contains 3000-4000 spot welds, employing 250-300 robots, 
numerous spot welding guns, controls and other auxiliary 
equipment [10]. The main disadvantage of the RSW is its 
inherent inflexibility in adapting to new sub-assemblies 
without significant modifications to the equipment. This 
disadvantage, in a fast changing market, where the 
manufacturing process, system design and construction need 
to be accelerated with as less penalty of change as possible, is 
crucial. RLW could encounter the aforementioned issues, by 
incorporating great adjustability, higher welding speeds, faster 
positioning and improved flexibility [10].  
In this study, a RLW performance evaluation strategy will 
be presented. The RLW will be benchmarked with its main 
rival technology RSW, using a real industrial case study from 
the automotive industry. The evaluation between the two 
joining technologies will be made with the use of industrial 
data and simulations of real robotic cells for a door’s 
assembly. 
2. Literature review 
2.1 RLW systems current status 
RLW is based on the principle that a laser scanner 
positions the focused laser beam over the work piece from a 
distance of typically 1000-1600 mm [7]. The scanner enables 
the translation of the laser beam into large working areas of 
1×1m or even over 2 m3 3D working volumes with a welding 
speed of up to 6m/min [7]. Today’s RLW systems can be 
found in two basic configurations; the scanner-integrated 
(gantry type) system and the robot-based system [11]. The 
aforementioned configurations may be equipped with 
different lasers sources, with CO2 and Nd:YAG lasers being 
the most common. This also corresponds to different beam 
delivery capabilities [9].  
CO2 lasers require mirrors for directing the beam from the 
resonator to the scanning head, inheriting inflexibilities in 
comparison to other laser sources. In order to overcome the 
aforementioned issues, the RLW system presented in [12] is 
designed as a compact unit of gantry type, carrying the laser 
resonator to the top of the gantry and the scanning 
underneath.  
In Figure 1, an Nd-YAG solid-state RLW system is shown. 
The Nd-YAG solid-state lasers due to their wavelength allow 
delivery of the beam through fibers, whilst the resonator can 
be located at a long distance, even several hundred meters, 
away from the scanning head [13]. In this case, the scanner 
can be attached to the robot arm [13], increasing the total 
working envelope [14].  
 
Fig. 1. Nd-YAG solid state RLW system [14] 
Each of those described systems has their own weak and 
strong points. Inertia of the robot arm makes the total cycle 
time slightly longer, but the three–dimensional manipulation 
of the scanning head, increases the flexibility process [14].  In 
addition, the fiber solution leads to easy beam sharing 
applications. On the other hand, the CO2 laser-based RLW 
systems offer incredible fast cycle time, but with reduced 3D 
processing flexibility, since the part’s welding from all 
possible sides requires the rotation of the product or the laser 
head [14]. 
Today, the RLW systems are mainly used in mass 
production of sub-assemblies that require a high number of 
welds [13]. An industrial sector that starts benefiting from the 
RLW systems is the automotive industry. The process has 
been implemented in a wide range of automotive applications, 
such as closures, pillars and seats [15,16]. Therefore, there are 
examples to be presented from the European automotive 
industries, with FIAT being one of them that introduce RLW 
systems. The company aimed to increase the volume of the 
production and simultaneously reduce the welding and the 
process time with the use of the RLW technology [17]. At the 
Mirafiori plant, a robotized spot welding was replaced with a 
two-fixture Nd-YAG RLW system for door assembly that 
gave a 15% reduction in the capital investment and a 20% 
improvement in productivity. Additionally, a 50% decrease in 
the floor space was achieved in comparison to that of the 
convectional four robot welding system [17]. Renault also 
uses an RLW unit to weld front door components of the Clio 
C85 model [17]. The new introduced joining technology 
replaced a former unit that required 12 robotic RSW systems 
and a floor space of 1050 m2 with a five robot-based RLW 
system that occupies 808 m2. Producing 93 right-hand and 
left-hand laser stitches, as opposed to 130 right-hand and left-
hand resistance spots, two RLW systems, namely those in 
Renault, produce components on a 66-second cycle [17]. 
Finally, Renault’s RLW system makes 38 laser stitches on the 
front doors of the Clio C65 model, using twin fixtures. 
2.2 RLW implications 
Unfortunately, RLW incorporates some limitations that 
still restrict the intense incorporation of this joining 
technology to the industrial environment, with most important 
being those of investment cost and weld quality [9,18]. The 
investment cost for an RLW system is much larger than that 
of other welding technologies [18]. In [18], there was 
presented a cost comparison among a single robot RSW 
system, a four robot RSW system, a RLW system with a CO2 
fixed laser head and finally, an RLW system with fiber laser 
source and beam delivery. It can be concluded that the RSW 
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technologies are competitive in terms of cost as long as their 
volumes are below 5 million welds per year [18]. However, as 
the production volume grows, the speed of the RLW systems 
responds better. Furthermore, in RSW, the labour costs are 
increased since the single gun is unable to keep up with the 
multi-gun cell and the RLW systems [18].  
Regarding the weld quality, a number of processing 
parameters, such as laser power, welding speed, beam 
inclination and focal position that influence the penetration 
and welding depth, , should be investigated [13]. According to 
[13] and [19], the welding speed is one of the most important 
factors in RLW, since its appropriate selection is generally 
dependent on the power density, required penetration, laser 
mode, focal position and the number of rescans. Moreover, 
the beam inclination has an effect on the welding depth and 
interface width, as it affects power density and absorptivity 
[13]. In [20], it is reported that the inclination range of 20º - 
30º has no significant effect on the welding process and 
consequently on the weld quality. However, an inclination 
angle of more than 60º implies a strong influence on the 
penetration depth [20]. Additionally, the focal position 
induces various effects on the penetration depth and the 
quality of the cut kerf. The appropriate selection of focal 
position may depend on the material [21]. Moreover, since in 
an automotive industry galvanized steels are widely used for 
the Body in White production, it is crucial that the RLW’s 
performance in welding of these materials be identified. A 
major problem is that Zinc is prone to evaporation during the 
welding process, due to its relatively low boiling point (906 
oC) as compared to that of the melting temperature of steel 
(1530 oC) [22]. Laser based processes, deal with this problem 
by incorporating a suitable gap in overlap configurations for 
the avoidance of the vaporized Zinc’s pressurization before 
meeting the keyhole. However, this approach has its 
disadvantages and numerous experiments are required in 
order for satisfactory weld quality to be achieved via RLW 
[22]. 
3. Performance evaluation of RLW 
As presented above, the RLW perhaps can address several 
challenges in today’s competitive industry environment. The 
development of an evaluation strategy of its performance 
should be established before any investment. In order for that 
to be achieved, production cells representing RLW and RSW 
technologies, are used and simulated into DELMIA 
environment. The automotive component selected for 
investigation is a door. The virtual representation and 
simulation of the real automotive manufacturing cells will 
provide the necessary data for the performance evaluation of 
the two rival joining technologies, in terms of the selected 
Key Performance Indicators (KPI). Previous research on the 
field suggests cost, time, quality, flexibility and energy as the 
most important criteria [23,24]. The selected KPIs that will 
assist in the quantification of the aforementioned criteria are 
the following:  
Floor Space: it is the area of the cell used for the 
performance of the assembly. The floor space is simply 
defined as the necessary area to fit the machines (or in the 
case of robots the reach envelope). In our case, it is 
approximated as a rectangular cell [23, 25], thus 
 
Floorspace length width,                                         (1) 
 
Where length and width are the cell dimensions.  
Number of robots: it is the number of robots required to 
perform the assembly sequence of the product under 
investigation. This is an input provided by the designer.  
Cycle Time: it is the maximum duration for the processing 
of a part within the cell. The cycle time will be the output of 
the simulation for each scenario. 
Energy Consumption: it is the energy that is required for 
the part’s assembly and is calculated by the following 
mathematical formula: 
 
Handling Process IdleEnergyconsumption ,E E E            (2) 
 
where EHandling is the energy consumed per robot movement, 
EProcess is the energy consumed per spot or laser stitch and EIdle 
is the amount of energy spent by the robots, while they are in 
the idle mode.  
For the calculation of the handling energy, it is assumed that 
the main energy consumption occurs due to the Joule effect 
on the motor resistances and furthermore, it is assumed that 
the electric current of each motor is proportional to the torque 
it exerts. The torque on axis i, τi can be expressed as a 
function of angles θi, angular velocities iT  and angular 
accelerations iT  using Lagrangian mechanics as 
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                                    (3) 
 
 
where, T is the kinetic energy and V the gravitational potential 
energy, expressed as functions of the angles and angular 
velocities using a robot model. Once the expressions (3) have 
been found, then substitution of the robot orbit θi(t) provides 
the torques as a function of time, thus the power consumed by 
the robot motors is equal to 
 
2 ,i i i
i
P c RW ¦                                                                     (4) 
 
where, Ri is the resistance of motor i and ci is the constant 
connecting the electric current I with the torque of motor i 
(Ii=ciτi).  The numerical integration of P from equation (4) 
provides the handling energy Ehandling. 
For the calculation of process energy the following equation 
is used:  
 
process joints joint ,E N E                                                           (5) 
 
where, Njoints is the number of stitches or spots required for the 
welding of the investigated product, whilst the Ejoint is the 
energy spent by each technology in order to accomplish one 
weld. 
Finally, idle energy is calculated using the equation, 
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where, Pidle is the electric power consumed by the robots 
while they are in a standby mode and tidle is the time that the 
robots are in a standby mode during an operation.  
Overall Operational Cost: it is the cost required for the 
assembly of one part within the cell and is calculated by the 
following formula. 
 
OverallCost=InducedInvestmentCost+
InducedRepairCost+EnergyCost
                                        (7) 
 
where, Induced Investment Cost is the cost required for 
purchasing the process equipment per part, Induced Repair 
cost is the amount  spent for repairs during the production of 
one part and Energy Cost is the cost spent per KWh 
consumed during the assembly of one part.  
The Induced Investment Cost is given by the following 
equation: 
 
CycleTime
InducedInvestmentCost InvestmentCost,
ExpectedLifeTime
                              (8) 
 
where Cycle Time is the maximum duration for a part’s 
processing; Expected Life Time is the time that any 
manufactured item can be expected to be serviceable or 
supported by its manufacturers and Investment Cost is the 
cost that is initially spent for purchasing the necessary 
equipment. 
Induced Repair Cost is calculated as follows: 
 
CycleTime
InducedRepairCost Cost PerRepair,
MTBF
                 (9) 
 
where, Cycle Time is the maximum duration for processing a 
part, Mean Time Between Failures is the predicted elapsed 
time between inherent failures of the cell during operation and 
Cost per Repair is the cost per unit required for overcoming 
any possible failures. Finally, the energy cost is calculated by: 
 
EnergyCost Energyconsumption EnergyUnitCost,             (10) 
 
where, Energy Consumption is the energy spent for all the 
cell operations and Energy Unit Cost is the cost per kWh 
consumed. The input data of the two production cells to be 
used in the evaluation method are provided in the tables 
below. Cycle time and handling energy are calculated by the 
outputs of the simulation. 
Table. 1. Floor space & Number of robots for RLW & RSW 
 Floor Space (m2) Number of robots 
RLW 304 5 
RSW 430 26 
Table. 2. Energy consumption for both of the technologies  
 RLW RSW 
Energy per laser stitch (J) 7200 - 
Energy per spot (J) - 3500 
Table. 3. RLW & RSW data for the calculation of the KPIs 
 Process Quantity 
RLW 
Spots 28 
Laser Stitches 112 
Idle Power (W) 500 
MTBF (h) 240 
   
RSW 
Spots 190 
Laser Stitches - 
Idle Power (W) 500 
MTBF (h) 240 
Table. 4. RLW & RSW cost data for the calculation of the KPIs 
  Investment 
cost (€) 
Repair 
cost 
(€)/h 
Energy 
cost (€) 
 kWh  - - 0,1 
RLW 
RLW System (laser 
source, robot, scanner) 
459500 - - 
Fixture/Gripper/Gun 137000 - - 
Handling robot 35000 - - 
Repair cost for 1 robot  9,73 - 
     
RSW 
kWh  - - 0,1 
Fixture/Gripper/Gun 85000 - - 
Handling robot 35000 - - 
Repair cost for 1 robot  12,5 - 
4. Door assembly case study 
The DELMIA software [26] and particularly the 
DELMIA’s robotics workbench is the simulation tool used. In 
Figure 2, a screenshot that depicts the RLW cell as simulated 
in the DELMIA environment is presented. 
Design & Implementation: The first step is the design 
of the cell and the necessary components (CAD files). 
Afterwards, these files are properly incorporated and 
assembled into the simulation environment. DELMIA 
provides through its library various commercially available 
robots with their kinematics. For the purposes of the RSW 
cell, library robots are utilized. However, to the RLW cell, a 
new robot should be introduced in order to meet the 
requirements of the technology. The following procedure is 
developed for the implementation of the laser robot into the 
software environment. 
1.  Design of the robot’s components. 
2. Assembly of the robot 
3. Generation of the robot’s kinematics 
 
Fig. 2. RLW simulated automotive cell in DELMIA 
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Fig. 3. Smartlaser robot for RLW technology applications 
Finally, the above described procedure has as a result the 
update of the DELMIA’s library. Figure 3, shows the 
developed laser robot for RLW technology applications. 
Robot Path generation: For the generation of the 
welding path of the RLW and RSW technologies, the 
following procedure is presented and described:  
1. The path coordinates are inserted in an Excel file.  
2. Using special macros commands the Excel file generates 
a new CAD (design file) part into the simulation 
environment. 
3. The generated CAD file is then combined with the door’s 
developed CAD file. For successful combination, proper 
constraints are created so that the reference planes 
properly fit. 
5. Results and discussion 
The results provided by the simulation, are the cycle time 
and the angles of each working robot’s joints every 0.1. The 
latter is used for the calculation of the required torque in 
every joint and the handling energy consumption. Table 5, 
shows the generated results.  
Table. 5. Simulated cycle time for both RLW & RSW 
 Simulation Step (s) Total Time (s) 
RLW 0,1  85  
RSW 0,1  129 
 
In Table 6, the calculated KPIs are presented. Finally, in 
Figure 4, a comparative bar chart depicts the KPIs of the two 
rival technologies. 
Table. 6. Final calculated KPIs values 
 Floor 
Space 
(m2) 
Robots 
Number 
Cycle 
Time 
(s) 
Energy 
Consumption 
(MJ) 
Overall 
Cost (€) 
RLW 304 26 85 2.28 4.92 
RSW 430 5 129 1.68 8.75 
 
Fig. 4. KPIs percentages variations between RLW & RSW 
From the above results, it can be easily concluded that the 
RLW technology surpasses the RSW technology, in terms of 
cycle time for this specific case study. This fact validates the 
literature’s point of view, which suggests that the RLW 
technology can perform a high number of welds in less time, 
due to the fast reposition of the laser beam and the better 
access of the component [13]. Additionally, RLW seems to be 
more energy demanding than RSW. This can be justified by 
the fact that the laser processes, in general, are very energy 
inefficient [27]. However, it is worth mentioning that for one 
car door the energy consumed solely by the welding robots is 
lower in the case of RLW, due to the latter technology 
demanding shorter paths.  
The KPIs that describe the floor space and number of 
robots, which are important cost factors, lead to the 
conclusion that RSW is a more costly option than is the RLW. 
This can be justified by the fact that although the investment 
cost is higher for the RLW systems, the resources that a RSW 
cell utilizes are more.   
6. Conclusions, challenges & outlook 
RLW is a joining technology that gains more and more space 
in manufacturing industry today, especially in the automotive 
sector. However, this technology has to prove both its 
flexibility and advantages over the current rival technology of 
RSW, before the industry invests in the particular laser based 
process. The developed performance evaluation method 
suggests that the RLW technology should verify the 
established opinion which is the dominance of the technology, 
in terms of cycle time. Moreover, the RLW systems, 
especially the robotic based ones, call for less floor space and 
number of resources than the RSW technology does. 
Additionally, the RLW cost per part is lower, although the 
initial investment cost is higher. This validates the literature 
opinion that RLW is more efficient in terms of cost when it is 
applied to large weld volumes. Finally, the RLW technology 
appears being more energy demanding than the RSW does, 
mainly due to the high consumed amount of energy in laser 
based processes. However, it is concluded that lower energy 
consumption is required for robot motion in the RLW 
technology, due to shorter welding paths. 
As a future study, the proposed performance evaluation 
method will be applied to more complex cases deriving from 
various industrial sectors. Its objective will be the 
identification of any further advantage or disadvantage of the 
RLW technology. 
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